An optimized group mating design and determination of the admixture rate in Nile tilapia families  by Zhao, Yan et al.
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The  Nile  tilapia  is  the  most  productive  and  internationally  traded  food  ﬁsh  in the  world.  Many  Nile
tilapia  families  are  needed  to  develop  breeding  programs  for this  species.  The aim of this study  was to
develop  Nile  tilapia  families  using  the Oreochromis  species  unique  breeding  characteristics  (male  territory
establisher  and  female  mouth  brooders)  and  determine  the mixing  rate  within  each  family.  Both  male  and
female ﬁsh  were  cultured  in  one  pond  in  the reproductive  season  and  the  female  mouths  were  checked
every  5–8  days.  When  embryos  were  present,  they  were  removed  and  cultivated  independently  as  a
family.  As  a result,  45  families  were  developed  from  the  60 female  ﬁsh  sampled.  The embryo  survival
rate  in aerated  water  varied  from  85.5  to  100.0%.  Seven  polymorphic  microsatellite  loci  were  selected
from  a set  of  31  for paternity  identiﬁcation.  The CPE  (combined  paternity  exclusion  probability)  of  two
microsatellite  loci  was  higher  than  0.93  and the  CPE  for  the  seven  loci  used  in  this  study  was  as  high asarentage analysis 0.9999.  There  were  no  unrelated  individuals  in  ﬁve  of the  seven  families  analyzed  and  only  one  mixed
individual  in  F29  and  F30.  The  overall  admixture  rate was  very  low  (2.2%).  In  this  study,  we  developed
an  optimized  group  mating  system.  Furthermore,  we  veriﬁed  that  for group  mating  systems  there  were
no mixed  individuals  in  most  families  and  the  admixture  rate  of  some  families  was  very low  according
to  the paternity  analysis.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The Nile tilapia, Oreochromis niloticus, is the most productive
nd internationally traded food ﬁsh in the world. The Nile tilapia
reeding program to improve growth has been ongoing for almost
0 years (Eknath and Acosta, 1998). A 10-year multi-national effort
or genetic improvement led to the development of the highly suc-
essful GIFT (Genetically Improved Farmed Tilapia) strain (Ponzoni
t al., 2005). The estimated total genetic change of GIFT in live
eight was 64% over nine generations (Khaw et al., 2008). Addition-
lly, several other strains of Nile tilapia have also been developed
lobally, e.g., the new GIFT strain in China (Tang et al., 2013). Cur-
ently, scientists all over the world continue to select Nile tilapia to
mprove growth (Khaw et al., 2012; Nguyen et al., 2010). Because
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
within-family selection is often used, high numbers of Nile tilapia
families are required.
The Nile tilapia families are used in other respects: reliable
estimates of genetic parameters (e.g., heritability and genetic cor-
relation) for important breeding target traits (Tian et al., 2011); the
development of genetic and physical Nile tilapia maps to support
the isolation of genes controlling economically important traits
(Lee et al., 2005); and the production of strains with high percent-
ages of male Nile tilapia with high-temperature treatment (Wessels
and Horstgen-Schwark, 2007; Baroiller et al., 1995; Tessema et al.,
2006). However, developing families by artiﬁcial fertilization is a
time- and labor-consuming procedure. The species Oreochromis has
an elaborate breeding behavior. In most cases, male ﬁsh establish
and aggressively defend territories (Coward and Bromage, 2000).
Nests are built in the form of shallow pits on pond bottoms, and
are used for courting and spawning. After the female ﬁsh releases
her eggs and fertilization takes place, female tilapia will pick up
the eggs from the nest, incubate, and protect their young in their
mouths (mouth brooders). These unique breeding characteristics
make the design of a simple and highly efﬁcient method for devel-
oping Nile tilapia families possible. Nile tilapia families have been
produced by stocking one male ﬁsh with two female ﬁsh in small
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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apas (ICLARM, 1998). However, developing families by stocking
 number of male and female ﬁsh together in one pond has been
nsuccessful to date.
The objective of this study was to develop Nile tilapia families
y stocking 20 female ﬁsh and 6–10 male ﬁsh in one pond, assess
he admixture rate, and determine the true mating conditions in
heir natural habitat.
. Materials and methods
.1. Experimental ﬁsh
Eighty-four 2-year-old Nile tilapia, 60 female and 24 male ﬁsh,
ere obtained from broodstock kept in the Shandong Freshwa-
er Fisheries Institute (Jinan, China). The experimental ﬁsh were
ivided into three groups (20 female ﬁsh and 6–10 male ﬁsh in
ach group) and cultured in three ponds (6 m long × 3 m wide × 1 m
eep). The ponds were located outdoors and the water temper-
ture ranged from 22 to 30 ◦C. The Nile tilapia were fed standard
arp pellets twice daily. Half of the pond water was exchanged once
eekly.
.2. Fertilized egg collection and hatching
The female mouths were checked every 5–8 days. If there were
mbryos in the mouth, they were removed and counted. The ﬁn
lips were then collected and labeled from the female parent for
NA extraction. The developmental stage of the embryos was
etermined under a dissecting microscope according to the follow-
ng criteria: gastrula stage was characterized by the presence of the
erm ring around the margin of the blastoderm and the embryonic
hield; segmentation stage was characterized by somite formation
nd the partitioned brain; the pharyngula stage was  characterized
y the primordia of the pharyngeal arches (Fujimura and Okada,
007). The embryos of each family were then placed in a hapa
30 cm long × 20 cm wide × 30 cm deep) and incubated in a 0.5-m3
ontainer at 28–29 ◦C with an aerating stone. When the embryos
ad developed to the swimming stage, the fry were counted to
etermine the percentage of surviving individuals. At the end of the
eproductive season, ﬁn clips were collected from all of the male
ile tilapia and stored for DNA extraction.
.3. Extraction of genomic DNA, primers, and PCRGenomic DNA from the female parents, all of the male ﬁsh in
ond two, and 10–20 individuals from each family was extracted
rom the ﬁns using the phenol/chloroform extraction method mod-
able 1
even pairs of primers for microsatellite ampliﬁcation.
Locus Repeat
sequences
Primer sequences
(5′–3′)
An
tem
GM385 (CA)6CG(CA)10 F: GAATGAATGATCCCGGCTGTTTGC
R: ATCTTCCCGTTGTCCCCATCTTGA
56
UNH879 (AC)25 F: GCATAAGGTGACTGGCTGGT
R: ACAAAGGGGTCCTGCAATTT
52
GM354 (CA)22 F: GACTGTTGTGATTTGTGCT
R: GTTCAGGGTTACTGTGTTA
58
GM258 (CA)42 F: ACAGGTGTGATGAAGCAGAGACT
R:GTCAAGATTAGAGATTTCAGGCG
54
GM459 (CA)17 F: CGGCACATACATCTACTACCT
R: TCACCATCAACGCTGAA
51
Esr1  (TG)5 F: TCCTTTTATTTGTGAAGTGTCCTCG
R: TCAAGCCTGAGGAGTTTGTCTGT
56
Amh  (AC)12 F: CAAAGCATTGCCACCAGAGGACC
R: TGAACTGCCCTCGCTTGGAAACA
57eports 3 (2016) 45–50
iﬁed from Ma  and Chen, (2009). Genomic DNA was dissolved in
ddH2O to a ﬁnal concentration of 100 ng L−1.
Twenty-six microsatellite loci were screened from published
microsatellite sequences in the Tilapia genetic linkage map
(Lee et al., 2005). Another ﬁve microsatellite sequences were
obtained by blasting the Nile tilapia genome databases against
sex differentiation-related gene sequences submitted to the
NCBI (Table 1). The ﬁve sex differentiation-related genes were
Cyp19a1a (Cytochrome P450, family 19; ovarian aromatase),
Cyp19a1b (Cytochrome P450, family 19; brain aromatase), Amh
(anti-Mullerian hormone), Esr1 (estrogen receptor 1), and Sox9a
(SRY-box containing gene 9a). The microsatellite loci located in the
open reading frame region of Esr1 and Sox9a, intron of Amh, 5′-
untranslated regions of Cyp19a1b, and the 3′-untranslated region
region close to Cyp19a1a were selected. All of the 31 pairs of
primers were designed using Primer Premier 5.0 and synthesized
by Shanghai Sangon Co., Ltd. (Shanghai, China). Additionally, the
forward primer for the microsatellite locus Amh was labeled with
6-FAM ﬂuorescent dye and synthesized by Shanghai Sangon Co.,
Ltd.
The PCR reaction mixture contained 50 ng of genomic DNA, 1×
PCR buffer, 1.5 mM MgCl2, 0.33 mM each primer, 0.2 mM dNTP, and
0.2 U Taq DNA polymerase. The PCR program consisted of an initial
denaturation at 94 ◦C for 5 min, followed by 35 cycles consisting
of 40 s at 94 ◦C, 40 s at the annealing temperature (Table 2), 40 s at
72 ◦C, and a ﬁnal extension of 7 min  at 72 ◦C.
2.4. Genotyping
The PCR products were mixed with 1:1 with denaturation buffer
(98% formamide, 10 mM EDTA, 0.25% bromophenol blue, and 0.25%
xylene cyanole), incubated at 95 ◦C for 5 min, and then imme-
diately chilled on ice. Five microliters of this mixture was then
separated on 6% denaturing polyacrylamide (19:1 acrylamide:bis-
acrylamide) gels using silver staining (Ji et al., 2009). A denatured
pBR322 DNA/Msp I molecular weight marker (Tiangen, China) was
used as a size standard to identify alleles.
Additionally, PCR ampliﬁcation of the Amh  microsatellite was
also done using a ﬂuorescence-labeled Amh  primer to further ver-
ify the PAGE results. The PCR product was  sent to Beijing Liuhe
Genomics Inc., for size fragment analysis on an ABI 3730xl DNA
analyzer. Chromatograms were scored using Genemarker v1.8
(SoftGenetics LLC: State College, PA, USA).2.5. Data analysis
Signiﬁcant differences of survival rate in three developmen-
tal stages were tested by analysis of variance with post-hoc
nealing
perature (◦C)
Expected allele
size (bp)
Linkage group GenBank
Accession no.
 289–321 3 BV005434
 148–198 23 G68206
 252–296 3 BV005419
 142–226 1 BV005380
 206–240 1 BV005456
 143–153 3 NT 167459
 270–300 3 EF512167
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Table  2
Development of 45 Nile tilapia families.
Gastrula F4 143 86.7 97.08a
F24 256 98.4
F25 508 98.4
F29 172 97.6
F30 153 98.0
F35 160 96.2
F39 198 100.0
F32 260 99.2
F45 201 89.5
Segmentation F1 198 95.9 97.20a
F2 186 99.4
F3 152 85.5
F6 108 92.5
F7 176 95.4
F9 86 97.6
F11 186 87.0
F14 209 100.0
F15 305 99.6
F17 502 99.8
F18 303 100.0
F19 200 99.0
F21 312 100.0
F23 205 100.0
F26 289 98.9
F28 186 100.0
F31 250 96.0
F33 312 99.3
F34 154 97.4
F41 98 100.0
F44 198 97.9
Pharyngula F5 172 97.6 97.65a
F8 96 93.7
F10 186 96.7
F12 196 96.4
F13 153 99.3
F16 146 100.0
F20 505 95.0
F22 300 100.0
F27 300 100.0
F32 158 98.7
F36 146 95.8
F37 148 95.9
F38 152 98.6
F40 183 98.9
F43 265 98.1
Developmental stagesFamilyProgeny no.Survival rate (%)Average survival rate (%)
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tion in tilapia showed either no or marginal response to geneticote: Means with the same letter are not signiﬁcantly different (P > 0.05).
ests (Tukey/Kramer) using SPSS software. Allelic frequencies,
bserved (HO) and expected (HE) heterozygosities, and the poly-
orphic information content (PIC) were calculated for each locus
sing CERVUS 3.0. Parentage analysis was carried out using the
ikelihood-based “parent pair analysis with sexes known” assign-
ent approach in CERVUS 3.0.
. Results
.1. Development of 45 Nile tilapia families
In total, 45 batches of embryos were collected from the mouth
f 38 female ﬁsh (Table 2) and the survival rate of the 45 families
aried from 85.5 to 100.0%. The number of embryos in each family
anged from 86 to 508, and with that of 37 families being >150,
hich is enough for either selective breeding or high-temperature
nduction trials.
The developmental stages of the embryos ranged from gas-rula to pharyngula (Fujimura and Okada, 2007). Chi-square tests
evealed that effects of the developmental stage of embryos did
ot signiﬁcantly affect the survival rate (P < 0.05). The mean sur-eports 3 (2016) 45–50 47
vival rate of embryos at the gastrula, segmentation, and pharyngula
stages was  >97% (Table 2).
3.2. Microsatellite loci characteristics
The eight candidate fathers in pond two  were ﬁrst used to
determine the polymorphism of 31 microsatellite loci. The results
revealed that seven microsatellite loci were highly polymorphic.
The characteristics of the seven microsatellite loci, screening for
variation using 66–83 broodstock ﬁsh, are listed in Table 3. The
number of alleles in seven microsatellites ranged from three to six.
The HO ranged from 0.260 to 0.952, while the HE ranged from 0.650
to 0.788, PIC ranged from 0.571 to 0.749.
3.3. Paternity analysis
To determine whether or not there were mixed individuals
within each family in pond two, individuals from seven fami-
lies were subjected to paternity analysis. The paternity analysis
of the Amh  microsatellite using PAGE and ﬂuorescence detection
was identical. The paternity exclusion probability of the seven
microsatellite loci was  from 0.606 to 0.792 when one parent was
known (Table 3). The relative CPE (combined paternity exclusion
probability) of two microsatellite loci rapidly increased to 0.9397
and CPE for the seven loci used in this study was  as high as
0.9999 (data not shown). If no parent was known, the PE of the
seven microsatellite loci was  from 0.244 to 0.498. The CPE of two
microsatellite loci was 0.6732, and the CPE of ﬁve microsatellite loci
only increased to 0.9141. The relative CPE for the seven loci used in
this study was 0.9680. As shown in Table 4, Gm459 and Amh  could
easily determine the true father of the eight families. The ♂1 was
the male parent of three families (F29, F30, and F31). The ♂8 was
the male parent of two families (F27 and F32). The ♂6 and ♂7 were
the male parents of F28 and F43, respectively (Table 4). The pater-
nity analysis results revealed that only half of the male ﬁsh (four
out of eight) competed for female ﬁsh, indicating different mating
chances of each male ﬁsh in pond two.
3.4. Mixing rate
When the female Nile tilapia picked up the eggs from the nest, it
was possible that they picked up the eggs of other families if other
female ﬁsh were breeding nearby and the eggs had ﬂoated into the
nest. We analyzed the genotype of each individual in seven families
and the results revealed that there was  no admixture in ﬁve out of
seven families analyzed (Table 4). There was one mixed individual
in each of the other two families, F29 and F30, and the overall mix-
ing rate was  2.2%. The true parents of one mixed individual in F29
(29♀ × ♂1) were 27♀ and ♂8. As a result, the mixed individual in F29
was from family 27 (27♀ × ♂8) (Table 4). Similarly, the one mixed
individual in F30 (30♀ × ♂1) was from F32 (32♀ × ♂8) and did not
have either the same dame or sire as the individuals in F30.
4. Discussion
In Nile tilapia, different strategies such as mass selection,
within-family selection, and combined within- and between-
family selection (GIFT project) have been used to improve growth
(Bolivar and Newkirk, 2002). Mass selection is the simplest form of
selection within a population, which involves rearing large groups
of animals simultaneously and then selecting the best, based on
their phenotypic values. However, earlier work on mass selec-improvement (Hulata et al., 1986; Huang and Liao, 1990). In
the GIFT breeding program, selective breeding in ﬁve consecu-
tive generations resulted in a cumulative genetic improvement of
48 Y. Zhao et al. / Aquaculture Reports 3 (2016) 45–50
Table 3
Parameters of the microsatellite loci and paternity testing.
Locus k N HO HE PIC F(Null) PE1 PE2 Ne
GM385 4 83 0.952 0.717 0.664 −0.1530 0.710 0.359 3.4478
UNH879 3 73 0.260 0.650 0.571 +0.4235 0.792 0.498 2.8203
GM354  4 72 0.375 0.673 0.609 +0.2805 0.758 0.427 3.0122
GM258  6 66 0.758 0.788 0.749 −0.0033 0.606 0.244 4.5829
GM459  6 82 0.756 0.671 0.619 −0.0615 0.747 0.393 2.9991
Esr1  3 76 0.434 0.669 0.591 +0.2088 0.779 0.483 2.9842
Amh  6 74 0.500 0.765 0.721 +0.2115 0.641 0.280 4.1674
Mean  4.57 0.5765 0.7047 0.6461
k  HE: E
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i: Number of alleles; N: Number of individuals; HO: Observed heterozygosities;
xclusion rate of known one parent; PE2: Paternity exclusion rate given no parent;
5% compared with the base population (Dey and Gupta, 2000).
any families are required for either family selection or com-
ined within- and between-family selections. However, developing
amilies by artiﬁcial fertilization is a time- and labor-consuming
rocedure. Female ﬁsh had to be checked each morning for signs
f maturation and only those with a swollen belly and project-
ng genital papilla were selected for spawnings several hours later
Fridman et al., 2012). The classic single-pair mating (one female
sh to one male ﬁsh) design is recommended in the GIFT man-
al. Because there is only a male ﬁsh and a female ﬁsh in a breeding
apa, pedigree can be easily identiﬁed. Nested mating designs with
wo female ﬁsh mated to one male ﬁsh have also been used to pro-
uce paternal half-sib families. These mating designs (single-pair
ating or two female ﬁsh and one male ﬁsh design) can take up
o 3 months or longer to produce the desired number of half-sib
amily groups (Ponzoni et al., 2011). Group mating systems (group
ating with seven male ﬁsh and 15 female ﬁsh and group mating
ith a single male ﬁsh and ten female ﬁsh) demonstrated that Nile
ilapia favored mating in groups (Tro. ng et al., 2013).
In this study, we designed a group mating system with 20 female
sh and 6–10 male ﬁsh. The female mouths were checked every
–8 days and we obtained approximately 20 batches of embryos
or each check from 60 female ﬁsh. The embryo survival rate of the
5 families obtained varied from 85.5 to 100.0%. Previous studies
ave also shown that fertilized Nile tilapia eggs can survive and
atch outside the female mouth (Rahman and Maclean, 1992; Li
t al., 2012). Therefore, it is feasible to culture the fertilized eggs
utside of the female ﬁsh to obtain families.
able 4
he results of paternity testing of partial locus.
Locus Family F27 F28 
Analyzed progeny number 10 10 
Gm459 Genotype of mother AA BD 
Genotype (no. of progeny) AA(7)
AD(3)
AD(4)
BD(3)
DD(3)
Genotype of candidate father ♂1 EF ♂2 AD 
Amh Genotype of mother BC CC 
Genotype (no. of progeny) BC(4)
CC(3)
BB(3)
CE(1)
CC(9)
Genotype of candidate father ♂1CE ♂2CC 
True  father ♂8 ♂6 
Mixing individual’s true parent 
he two  microsatellite loci Gm459 and Amh  can determine the true father of the seven fa
ndividual. There are not mixing individuals in F27, F28, F31, F32, and F43. There is one mxpected heterozygosities; PIC: Polymorphic information content; PE1: Paternity
l): Estimated null allele frequency; Ne: Effective number of alleles.
When there is more than one female ﬁsh in a breeding unit,
female ﬁsh might steal eggs from each other as reported by
Fessehaye et al. (2006). One important issue in this study was
to determine whether or not the fertilized eggs from the mouth
of a female ﬁsh have the same parents. Paternity analysis using
microsatellite markers has been well developed in many ﬁsh
species, including Nile tilapia. Fessehaye et al. (2006) used 11
microsatellite markers for paternity analysis of 760 offspring from
76 spawnings in Nile tilapia and with all 11 loci, almost 100% correct
allocation was attained. The precision of assignment to one cor-
rect parental pair depended not only on the number and variability
of the microsatellite markers, but also on the number of poten-
tial pairings from which to choose, i.e., the more families in the
breeding program the more microsatellites required to discrimi-
nate between them (Norris et al., 2000). Using eight highly variable
markers resulted in an assignment of an individual to the correct
parental pair of greater than 95% even when the number of pos-
sible parent pairs was  >12,000. Wang et al. (2010) found that a
16-microsatellite multiplex assay can be used for rapid and efﬁ-
cient parentage assignment in the eastern oyster. In this study,
seven polymorphic microsatellite loci were selected from 31 for
paternity analysis. The paternity exclusion probability of the seven
microsatellite loci was from 0.606 to 0.792 when one parent was
known. The relative CPE of two microsatellite loci rapidly increased
to 0.9397 and CPE for the seven loci used in this study was  as high
as 0.9999.
There were no unrelated individuals in ﬁve of the seven fami-
lies we  analyzed (Table 4). There was one mixed individual in both
F29 and F30, and the overall mixing rate was 2.2%. Because male
F29 F30 F31 F32 F43
15 15 10 20 10
AA AD AD AF AA
AF(9)
AE(5)
AD(1)*
AE(5)
AF(3)
DE(4)
DF(2)
DD(1)*
AE(5)
AF(2)
ED(3)
AA(4)
AD(6)
AF(3)
FD(7)
AD(9)
AA(1)
♂3 BD ♂4 AA♂5 AC ♂6 AD ♂7 AD ♂8 AD
AE EE AE CE AC
AC(3)
AE(4)
CE (4)
EE(3)
BB(1)*
CE(6)
EE(8)
BE (1)*
AE(3)
CE(3)
EE(4)
BC(8)
BE(5)
CC(2)
CE(5)
AC(3)
BC(4)
AA(1)
AB(2)
♂3 DE♂4 EE ♂5 AE ♂6CE ♂7 AB ♂8 BC♂1 ♂1 ♂1 ♂8 ♂7
27♀ × ♂8 32♀ × ♂8
milies. Bold typeface and asterisk showed the genotype and the number of mixing
ixing individual in each of the F29 and F30 females.
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ile tilapia maintain territories that they aggressively defend from
ther male ﬁsh, it is very unlikely that some male tilapia enter the
erritory of others and release sperm when the female tilapia is
pawning. However, when female Nile tilapia picked up the eggs
rom the nest, it is possible that they picked up the eggs of other
amilies if other female tilapia were breeding nearby and the eggs
oated into the nest. In this study, the paternity analysis further
eriﬁed that the admixture individuals all came from other fam-
lies (one mixed individual in F29 from F27, and one in F30 from
32). Another egg admixture possibility is that exchange of eggs
etween female ﬁsh may  take place accidently when female ﬁsh
re disturbed and spill the eggs in the hapas (Tro. ng et al., 2013). To
void egg exchange, Tro. ng et al. (2013) checked spawning at 4-day
ntervals, and each female ﬁsh was individually removed from the
ank to prevent egg spill. In this study, the eggs were taken and cul-
ured outside the female mouth where it is difﬁcult for pre-gastrula
tage embryos to survive. Because of this we checked the female
sh every 5–8 days. The advantages of culturing embryos outside
he female mouth are as follows: less water body is required dur-
ng embryo culturing; easily culturing the appropriate number of
mbryos in each family. Additionally, high-temperature treatment
–10 days after fertilization can achieve high percentages of male
ile tilapia (Baroiller et al., 1995). Culturing the embryos outside
he female mouth makes it easier to obtain either embryos or larvae
f appropriate developmental stage.
The results of seven polymorphic microsatellite loci revealed
hat polymorphisms in Nile tilapia did not differ signiﬁcantly from
hat of other ﬁsh, such as olive ﬂounder (HO = 0.1667–0.9259) (Ji
t al., 2009), half-smooth tongue sole (HO = 0.06–1.00) (Wang et al.,
008; Sha et al., 2010), and gilthead sea bream (HO = 0.094–1.0)
Vogiatzi et al., 2011). Tilapia were introduced into China in the
arly 1980s and have since become an important aquaculture ﬁsh.
rom 2002, China contributed up to 50% of the global tilapia pro-
uction and became the world’s largest tilapia producer (Matlala
t al., 2013). Our results show that cultured Nile tilapia in China
emain highly polymorphic.
In summary, we have developed an easy and highly efﬁcient
ethod for Nile tilapia family production. All of the families exhib-
ted very highly fertilized egg survival rates when the water was
erated. We  obtained embryos and larvae of appropriate develop-
ental stages easily. Additionally, we veriﬁed that in the group
ating system there were no mixed individuals in most of the fam-
lies and the admixture rate within some families was very low,
s conﬁrmed by paternity analysis. According to our results, we
chieved a good approximation of true mating conditions in natu-
al ponds: the male Nile tilapia defend territories and it is unlikely
hat some male ﬁsh enter the territory of others and release sperm
hen the female ﬁsh is spawning.
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